Introduction

Analysis
Current models of basilar membrane motion such as the Gammatone filterbank (de Boer, 1975; de Boer and de Jongh, 1978) overestimate the sharpness of auditory filters. Such models predict that low number harmonics in a harmonic complex are resolved. See left panel of Fig. 1 .
A recently developed functional model of the cochlea (Reimann, 2005) proposes much shallower auditory filters.
This model makes specific predictions concerning the phase response of the basilar membrane. In particular that low number harmonics greater than 1 are unresolved and their interaction causes a perception of the basic frequency F1. See right panel of Fig. 1 .
The perception of F1 is caused by a modulation of the basilar membrane at a rate of F1. The strength (or level) of F1 is dependent on the relative phase of the components.
We provide experimental validation of the Reimann model by measuring the threshold for a change in the level of the basic frequency. Basilar membrane motion simulation shows that the modulation cue is preserved at higher frequencies along the length of the basilar membrane. This is shown in Fig. 5 by the ridges occurring every 4 ms. 
Figure 5. Basilar membrane motion from gammatone filterbank (top panel) and Reimann model (bottom panel
Results
Figure 4. Top graph shows thresholds for detecting a phase change for four different pairs of harmonics. The threshold for detecting a phase change with one component F3 (baseline) is also shown. Bottom graph shows thresholds for detecting a phase change with harmonics F2 and F3 as a function of the rate at which the phase of F3 is changed relative to F2. The baseline condition of detecting the phase change for a single component F3 is also shown (BL). Red bars indicate subject used modulation cue, blue bars indicate instantaneous frequency cue.
The top and bottom panels of Fig. 4 show the results from experiments I and II, respectively; the baseline result (in which the threshold for a phase change of a single component is measured) is shown in both panels (labeled F3 for experiment I and BL for experiment II).
The eight bars in each histogram show the results for the eight subjects, ordered from left to right in terms of their mean threshold in the six conditions where most could perform the task.
The results show that all of the listeners can detect a small change in the relative phase of the components in five conditions: F2+F3 and F3+F4 from Experiment I and 0.5, 1.0 and 2.0 from Experiment II. The average value for the five conditions is 0.43 radians in 600 ms, this is below the average in the single-component baseline condition of 5.91 radians in 600 ms.
In experiment II the independent variable was the relative rate of phase change as shown on the abscissa. For a relative phase change of 2.0 threshold is low at about 0.7 radians. Decreasing the phase change to 1.5 and 1.4 increases the threshold to values between around 2 and 4 radians. Decreasing the phase change further to 1.0 and 0.5 actually decreases the threshold to below 1 radian.
Experimental procedure
The purpose of experiment II was to confirm that it was the relative phase difference between the two components that produced the audible change in perception and not the absolute phase change. The procedure was the same as in experiment I apart from the following: (i) The phase of F2 followed a similar profile to that of F3, In one condition, the phase of F2 followed the same profile as F3; in the other conditions the cumulative phase change for F3 was a proportion of the phase change applied to F2 and it changed by one of 5 scalars: 0.5, 1, √2, 1.5 and 2. The conditions are shown schematically in Fig. 3. (ii) Only positive phase changes were measured. (iii) Only the F2 with F3 condition was measured.
In experiment I, we measured the threshold for a change in the level of the basic frequency, and consequently the threshold for a change in the relative phase of the components. The stimulus consisted of two tones, 500 Hz and 750 Hz presented simultaneously for 3 seconds. During the central section of the presentation the phase of F3 was changed gradually. Listeners responded to whether the perception varied or remained constant. The amplitude of the 750 Hz tone was 6 dB lower than the 500 Hz tone, the overall stimulus level was 80 dB.
During the first 1.2 s of the stimulus, the phase was constant. Over the next 600 ms, the phase changed continuously from its starting value to a final test value which was varied over the course of the run to determine threshold. During the last 1.2 s, the phase was held constant (see Fig. 2 ). In an increasing phase condition, the initial relative phase was 0 radians, in a decreasing phase condition, the final relative phase was 0 radians.
Threshold was estimated using a three-down, one-up adaptive procedure. Eight normal-hearing listeners were tested (3 female and 5 male) with ages from 21 to 39 years. The experiment was repeated for three other pairs of harmonics: namely, F3 and F4, F4 and F5, and F3 and F5 . 
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